In most animal cells, centrioles come in pairs, and in cells that are traversing the cell cycle, this pair of centrioles is precisely duplicated and segregated to ensure that each daughter cell receives exactly one pair of centrioles. Many of the molecular players in this cycle of centriole duplication have been identified and are conserved through evolution (Carvalho-Santos et al. 2011 ). Birth of a new centriole occurs in S phase, when a procentriole forms off the side of each existing mother centriole, near the proximal end. The triplet microtubules are added to a structural hub, known as the cartwheel, early in the process, resulting in a structure ∼0.2 μm long and 0.2 μm wide (Kuriyama and Borisy 1981; Vorobjev and Chentsov 1982; Chrétien et al. 1997) . In G 2 , the triplet microtubules elongate, reaching a maximum length of ∼0.35 μm. At the G 2 /M transition, the inner two microtubules of the triplet elongate to their final length of 0.5 μm, forming a distal end with only doublet microtubules. In the following cell cycle, this new centriole recruits the pericentriolar material components of the centrosome and acquires appendages, allowing it to serve as a nucleator of the cilium in the subsequent G 0 /G 1 . The doublet microtubules of the centriole extend to form the axoneme of the cilium. Here, we refer to the doublet and triplet microtubules of the centriole and axoneme as compound microtubules. The centriole structure at the base of the cilium is often termed a basal body; we will use the term centriole to refer to all such structures. Although conserved in structure, centrioles, and the associated cilium and centrosome, have been lost from several key eukaryotic groups, including higher fungi and higher plants (Carvalho-Santos et al. 2011) .
Centrioles can also be made without an existing centriole. The mechanisms underlying this de novo centriole formation are less understood, but have been observed in multiple species: the flatworm Planaria, the amoeba Naegleria, and the plants Ginkgo biloba and Zamia (Norstog 1967; Fulton and Dingle 1971; Gifford and Lin 1975; Azimzadeh et al. 2012 ). Centrioles formed de novo in these organisms have the typical ninefold structure with triplet microtubules, indicating that it is not necessary to have an existing centriole to create a new one. Human cells usually do not form centrioles de novo but can be induced to do so by experimental manipulation (Khodjakov et al. 2002; La Terra et al. 2005; Uetake et al. 2007 ). Centrioles formed under these conditions often have structural defects (Khodjakov et al. 2002; Wang et al. 2015) . Last, specialized cells in animals can generate many centrioles by centriole amplification. In differentiating multiciliated cells, centriole amplification occurs from unique structures known as the deuterosome (Sorokin 1968; Steinman 1968; Kalnins and Porter 1969) , which is formed from an existing centriole (Al Jord et al. 2014) .
Regardless of the mechanism of formation, centrioles share two defining structural features: ninefold symmetry and the presence of compound microtubules (Fig. 1) . Ninefold symmetry is derived from the intrinsic assembly properties of proteins making up a ninefold symmetric hub and spoke structure known as the cartwheel. The cartwheel is the first structure to form in the nascent centriole, and its major component, SASS6, is capable of self-assembling in vitro into ninefold symmetric, cartwheel-like structures (Kitagawa et al. 2011; van Breugel et al. 2011) . During the normal centriole duplication cycle, the mother centriole templates cartwheel formation (Fong et al. 2014) . Although the cartwheel is the basis of centriolar ninefold symmetry, there are likely other interactions that reinforce this symmetry, such as those between the cartwheel and centriolar microtubules . Interestingly, ∼15% of Chlamydomonas mutants lacking SASS6 have ninefold symmetric centrioles , and human cells expressing mutant forms of SASS6 deficient in oligomerization can form centrioles with a normal structure (Wang et al. 2015) . Other mechanisms that impart ninefold symmetry may include structural constraints imposed by the A-C linker that bridges adjacent centriolar microtubule triplets (Hirono 2014; Meehl et al. 2016) .
In contrast with the radial symmetry of centrioles, the mechanisms by which centrioles form compound microtubule are not understood. The triplet microtubules, in particular, define centrioles in most organisms, differentiating them from the ciliary axoneme, which has doublet microtubules that extend directly from the doublets at the distal end of the centriole. Here, we discuss the structure of compound microtubules, potential mechanisms for their formation and elongation, and their function. Because centriole structure is largely conserved in eukaryotes, we have incorporated information from many organisms, unless otherwise noted.
COMPOUND MICROTUBULE STRUCTURE: TRIPLETS AND DOUBLETS
The proximal end of the centriole in most organisms has a unique triplet microtubule structure not found anywhere else in the cell. These triplets consist of three linked microtubules, named the A-, B-, and C-tubules (Fig. 1) . The A-tubule is connected to the cartwheel through pinhead structures (Anderson and Brenner 1971; Cavalier-Smith 1974; Paintrand et al. 1992; Guichard et al. 2013) . In human centrioles, the triplets are ∼350 nm long (Paintrand et al. 1992) , and only the A-tubule and B-tubule extend through the remaining one-third of the centriole. When the centriole forms a cilium, the A-and B-tubules extend to form the axonemal doublet microtubules (Fig. 1C) .
The compound microtubules of the centriole share some similarities with standard microtubules. Each is composed of α-tubulin and β-tubulin subunits (Kuriyama 1976; Nogales et al. 1998) , which form heterodimers that associate head-to-tail in a protofilament of a microtubule. Standard microtubules are a tube formed from 13 protofilaments (Tilney et al. 1973) , each associating with its neighboring protofilaments through lateral contacts between the M-loop and H1-S2/H2-S3 lateral surfaces of tubulin (Nogales et al. 1999; Sui and Downing 2010) . Most of these lateral contacts are formed from connections between like tubulins: between α-tubulin and α-tubulin or between β-tubulin and β-tubulin, with the exception of the seam that closes the tube, where α-tubulin of one protofilament associates laterally with β-tubulin of its neighbor (Song and Mandelkow 1993; Kikkawa et al. 1994; McIntosh et al. 2009 ).
In the centriolar compound microtubules, the A-tubule has a very similar structure to standard microtubules: 13- protofilaments form a ring ( Fig. 2A ; Linck and Stephens 2007; Li et al. 2012; Maheshwari et al. 2015) . Unlike standard microtubules, which are circular in cross section, the A-tubule is a deformed oval (Li et al. 2012; Ichikawa et al. 2017) . The lateral contacts between protofilaments have been proposed to be similar to those of standard microtubules, consisting of connections between like tubulin subunits (Song and Mandelkow 1995; Maheshwari et al. 2015) . The seam has been proposed to lie between protofilaments A1 and A2, between A9 and A10, or between A10 and A11 (Song and Mandelkow 1995; Maheshwari et al. 2015; Ichikawa et al. 2017) . Unlike the A-tubule, the B-, and C-tubules are incomplete microtubules, each sharing walls with the adjoining tubules: the B-tubule is made of 10 protofilaments (B1-B10) and shares four additional protofilaments (A10-A13) with the A-tubule, and the C-tubule is also made of 10 protofilaments (C1-C10) and shares four additional protofilaments with the B-tubule (B5-B8). Within each tubule, the protofilaments interact through their M-loop and H1-S2/ H2-S3 lateral surfaces, as in standard microtubules, and lateral interactions between protofilaments consist of connections between like tubulin subunits (Song and Mandelkow 1995; Maheshwari et al. 2015) .
The defining features of the triplet microtubules are the junctions between the three tubules. The inner junction, nearest the cartwheel, differs from the outer junction, located toward the cytoplasm. The outer junction between the A-and B-tubules consists of interactions between protofilament B1 of the B-tubule, and protofilaments A10 and A11 of the A-tubule ( Fig. 2A) . The interactions between these protofilaments differ from those between standard microtubule protofilaments (Li et al. 2012; Ichikawa et al. 2017) in that here protofilament B1 interacts with the cytoplasm-facing sidewalls of protofilaments A10 and A11. Though the amino acid residues involved in these side wall interactions have not been identified in centrioles, recent high-resolution cryo-EM of ciliary axonemes has identified several conserved residues that may be involved (Ichikawa et al. 2017) . At the inner junction between the A-tubule and B-tubule, nontubulin proteins form additional structure, known as the Y-shaped linker (Li et al. 2012) . The identities of these proteins are unknown, though a recent report suggests that Poc16/WDR90 may form part of this structure .
The outer junction between the B-and C-tubules varies between organisms. In the proximal region of Chlamydomonas centrioles, protofilament C1 is a microtubule protofilament like B1 (Li et al. 2012) , and the interface between protofilaments C1 and B4/B5 is likely similar to that between B1 and A10/A11. Toward the distal end, however, the C1 microtubule protofilament is absent and in its place is an elongated linker, which has ∼8-nm periodicity along the centriole, suggesting that it may bind to only one tubulin molecule in the heterodimer. In Trichonympha centrioles, an extended linker with 8.5-nm periodicity spans the B4 and C1 protofilaments in the proximal region of the centriole (Guichard et al. 2013) . The identities of the proteins that form these structures are unknown. It is also unknown whether similar structures are present in human centrioles. The inner junction between the B-and C-tubules consists of structures, unique to the C-tubule, bridging protofilaments B8 and C10 (Li et al. 2012; Guichard et al. 2013) .
In addition to the junctional structures in the centriolar triplets, multiple nonmicrotubule densities are associated with the triplet microtubule structure (Li et al. 2012 ). These include densities both inside and outside the microtubule protofilaments, some spanning the protofilaments longitudinally, and others bridging protofilaments. Some of these structures are also present in ciliary axonemes (Sui and Downing 2006; Nicastro et al. 2011; Pigino et al. 2012; Maheshwari et al. 2015; Ichikawa et al. 2017) . Although the proteins that form these densities have not been definitively assigned, they may include ribbon proteins and tektins, intermediate-filament-like proteins that localize to both the centriole and cilium (Amos 2008; Linck et al. 2014) . Altogether, we suggest three nonexclusive possibilities for the function of these proteins: formation of the B-and C-tubules, stabilization of the triplet structure, or recruitment of other proteins for centriole function. Further work will be needed to distinguish between these possibilities.
FORMING THE TRIPLETS
The triplet microtubules of the centriole form in the context of the centriole duplication cycle (Firat-Karalar and Stearns 2014). Centriole assembly occurs at the G 1 -S transition and begins with formation of the cartwheel structure, followed by attachment of microtubules (Kalnins and Porter 1969; Vorobjev and Chentsov 1982) . The pinhead structure, which attaches the A-tubule to the cartwheel (Anderson and Brenner 1971; Cavalier-Smith 1974; Guichard et al. 2013) , is likely composed of the carboxyl terminus of SASS6 and CEP135 (Matsuura et al. 2004; Hiraki et al. 2007; Guichard et al. 2017) . CEP135 is able to bind and bundle microtubules ) and interacts with CPAP/CenpJ/Sas-4, another microtubule-binding protein that affects centriolar microtubule dynamics (Lin et al. 2013a; Sharma et al. 2016; Zheng et al. 2016) . Thus, it is very likely that these proteins are involved in recruitment and stabilization of microtubules at the proximal end of the centriole.
In human cells, a conical cap, proposed to be the γ-tubulin ring complex, is present at the base of the A-tubule (Guichard et al. 2010) . The distal end of the A-tubule during elongation appears similar to the plus-end of a growing standard microtubule. Together, these results suggest that the A-tubule grows uni-directionally from a γ-tubulin ring complex at the proximal end of the centriole. Once the A-tubule is formed, the B-tubule and C-tubules are then added, although this does not occur synchronously at each of the nine A-tubules (Vorobjev and Chentsov 1982) . γ-Tubulin ring complex structures have not been observed at the base of the B-or C-tubules (Guichard et al. 2010) , suggesting that they form by different methods. The outside wall of the B-tubule forms first, growing from the sidewall of the A-tubule (Fig. 2; Dippell 1968; Kalnins and Porter 1969; Anderson and Brenner 1971) , indicating that attachment of protofilament B1 is the initiating event in B-tubule formation. C-tubule assembly begins while the B-tubule is still elongating, likely from the outer junction (Kalnins and Porter 1969; Anderson and Brenner 1971; Guichard et al. 2010) . The B-and Ctubules of human centrioles are initiated about 50 to 100 nm from the proximal base of the A-tubule, then grow bidirectionally, elongating toward both the proximal and distal ends (Guichard et al. 2010 ).
Any mechanism for triplet microtubule assembly must incorporate the observations that these structures are only found at centrioles, and that only triplets form, not higherorder microtubule structures. We speculate that the following factors may be involved: (1) centriole-specific tubulin proteins, and (2) the cartwheel.
Centriolar Tubulins
A possible explanation for the unique structure of the compound microtubules is that they are assembled from centriole-specific tubulin superfamily members, or from their isoforms. α-Tubulin and β-tubulin form heterodimers that are the basis of all microtubules, including the compound microtubules of axonemes and centrioles (Kuriyama 1976; Nogales et al. 1998) . Most organisms have multiple α-tubulin and β-tubulin isoforms, which mainly differ in the amino acid composition of their disordered, highly charged carboxy-terminal tails that project from the cytoplasmic surface of the microtubule (Redeker 2010) . Different α-tubulin and β-tubulin isoforms impart different dynamics to standard microtubules (Vemu et al. 2017) , and it is possible that specific isoforms are required for the formation of compound microtubules. Indeed, early work on axonemes from multiple organisms suggests that the axonemal microtubules may contain specific isoforms relative to standard microtubules (Stephens 1970; Bibring et al. 1976; Lai et al. 1979) . In Drosophila, a sperm-specific β-tubulin isoform forms the axonemal compound microtubules, as well as other microtubules in sperm (Kemphues et al. 1982; Raff et al. 2000; Nielsen et al. 2001) . A more divergent β-tubulin isoform, found in a minority of tissues, cannot compensate for loss of the sperm-specific β-tubulin (Hoyle and Raff 1990) . It is not clear whether any specific isoforms are strictly necessary for the formation of compound microtubules in other organisms.
Regulation of the carboxy-terminal tails of tubulin is likely critical to compound microtubule formation. This region is highly charged, and is also the site of several post-translational modifications (Wloga and Gaertig 2010; Yu et al. 2015; Gadadhar et al. 2017) . Remarkably, sperm of a Drosophila mutant that expresses β-tubulin lacking its carboxy-terminal tail were shown to have compound microtubules with many additional tubules (Fackenthal et al. 1993) , suggesting that the carboxyl terminus is normally inhibitory to formation. In vitro experiments showing that removal of the tails with subtilisin facilitated the formation of "hooks" growing from the sidewalls of microtubules (Serrano et al. 1984) , a structure similar to that occurring during the early stages of B-tubule assembly. The formation of hooks on microtubules has been used as a means of determining microtubule polarity in cells, as the handedness of the hook reveals the polarity of the microtubule on which it has formed (Euteneuer and McIntosh 1980; Heidemann and McIntosh 1980; McIntosh and Euteneuer 1984; Baas and Lin 2011) . Interestingly, the standard protocol for hook formation in these experiments involved high ionic-strength buffer condi-tions, which we propose might facilitate hook formation by neutralizing the inhibitory effect of the carboxyterminal tails on the unique sidewall interaction that defines compound microtubules. Indeed, the first observation of higher-order microtubule assembly in vitro was by Burton and Himes (1978) , who showed that pH regulates their formation. These results suggest that regulation of electrostatic interactions that involve the carboxy-terminal tails of tubulin is important for compound microtubule formation.
In addition to α-tubulin and β-tubulin, the tubulin superfamily contains four additional members: γ-tubulin, delta (δ)-tubulin, epsilon (ε)-tubulin, and zeta (ζ)-tubulin. γ-Tubulin is absolutely conserved in all eukaryotes, including those that have lost the ability to make centrioles and cilia in evolution. However, the other three, termed the ZEDtubulins, are found only in a subset of eukaryotes, all of which form centrioles and cilia. The ZED-tubulins form an evolutionarily coconserved module, suggesting that they may function together (Turk et al. 2015 ). δ-Tubulin was identified in Chlamydomonas as the protein encoded by UNI3, (Dutcher and Trabuco 1998), ε-tubulin was first found in the human genome by sequence-alignment (Chang and Stearns 2000) , and ζ-tubulin was found by evolutionary comparison of sequenced genomes (Findeisen et al. 2014; Turk et al. 2015) .
Experiments probing the function of δ-tubulin and ε-tubulin reveal that they are required for triplet microtubule formation and/or stability in a range of organisms from protists to humans (Goodenough and St Clair 1975; Dutcher and Trabuco 1998; Garreau de Loubresse et al. 2001; Chang et al. 2002; Dupuis-Williams et al. 2002; Dutcher et al. 2002; Gadelha et al. 2006; Ross et al. 2013; Wang et al. 2017 ). The limited information on localization of these tubulins indicates that they are limited to centrioles, suggesting that they might be involved in interactions that constrain the occurrence of triplet microtubules to the centriole. The functions of δ-tubulin and ε-tubulin have been tested by a variety of methods, from depletion of the protein to mutations likely to be strong loss-of-function alleles. Although some aspects of the phenotypes observed differ, there are commonalities in most of the experiments that suggest a conserved function. In most cases, cells in which either δ-tubulin or ε-tubulin has been lost make centrioles that lack triplet microtubules and are unstable over time.
We recently tested the roles of δ-tubulin and ε-tubulin in human cells by using CRISPR/Cas9 to make null mutations . Null mutations in δ-tubulin or ε-tubulin could only be recovered in a p53-null background, indicating that cells had defects in creating functional centrioles, which is known to trigger a p53-dependent cell cycle arrest in mammalian cells (Lambrus et al. 2015; Wong et al. 2015) . Cells with mutations in either δ-tubulin or ε-tubulin have in a similar phenotype, with centrioles that have only have singlet microtubules, and that disintegrate each time the cell transitions from mitosis to interphase . Less is known about the function of the more recently described ζ-tubulin, but experiments in Xenopus multiciliated cells suggest that, in that cell type at least, it is involved in elaboration of centriolar appendages rather than centriole formation (Turk et al. 2015) .
Mutations in δ-tubulin and ε-tubulin are among the only mutations known to specifically affect the formation of the triplet microtubules. How might they function in forming compound microtubules? A defining feature of all characterized tubulins is that they interact with other tubulins in the context of structures of the microtubule cytoskeleton. δ-Tubulin and ε-tubulin have been shown to interact with each other in directed experiments (Breslow et al. 2017; Wang et al. 2017 ) and high-throughput screens (Hein et al. 2015) and have been proposed to share particular interaction interfaces with α-tubulin and β-tubulin (Inclán and Nogales 2001) . A simple hypothesis for the function of δ-tubulin and ε-tubulin is that they replace α-tubulin and/or β-tubulin in specific sites critical to the interactions that uniquely occur in compound microtubules. Another model would be that they form a nonprotofilament structure, such as the extended linker found between the B-and Ctubules (Li et al. 2012) . Breslow et al. (2017) identified two previously uncharacterized proteins as stoichiometric interactors with δ-tubulin and ε-tubulin, which might also take part in such structures.
As attractive as these models are for the function of δ-tubulin and ε-tubulin, there are indications from evolutionary analysis that they cannot fully account for all instances of compound microtubules. First, nematodes and dipteran insects lack any of the ZED tubulins but make doublet microtubules as part of ciliary axonemes. Second, Drosophila and the primitive plant Ginkgo biloba lack the ZED tubulins, but form centrioles with triplet microtubules in their sperm (Gifford and Lin 1975; Gottardo et al. 2015; Wang et al. 2017) . Since the mechanism of action of δ-tubulin and ε-tubulin at centrioles is not known, we cannot yet say whether these are examples in which the requirement for δ-tubulin and ε-tubulin has been bypassed evolutionarily, perhaps by gain-of-function in another tubulin, or in which the compound microtubules differ from those in other organisms that have δ-tubulin and ε-tubulin. We note that a mutation in α-tubulin can partially suppress the centriole defects of the uni3 δ-tubulin mutation in Chlamydomonas, consistent with the possibility of evolutionary adaptation (Fromherz et al. 2004 ).
The Role of the Cartwheel
One possible mechanism to limit triplet microtubule assembly to centrioles would be to restrict formation to preexisting structures already formed at the nascent procentriole, such as the cartwheel. In theory, the cartwheel may help to promote triplet microtubule assembly in several ways, including: modification of the nascent A-tubule, alteration of microtubule growth kinetics, creation of a template for the triplet microtubules, or stabilization of the triplets against depolymerization.
The A-tubule differs subtly in structure from a standard microtubule-it is a deformed oval in cross section, rather than round (Li et al. 2012) . If this deformation were the result of attachment of the cartwheel or its associated proteins, it might limit compound microtubule formation to that site by altering the lattice of the A-tubule, and making it a suitable substrate for addition of the B1 protofilament. However, it is not known whether A-tubule deformation is due to cartwheel interaction, or whether such deformation aids in B-tubule formation.
The cartwheel, or associated proteins, may alter the growth kinetics of centriolar microtubules, aiding in compound microtubule formation. Compared to standard dynamic microtubules, the centriolar microtubules appear to grow very slowly (Kuriyama and Borisy 1981; Chrétien et al. 1997; Kinoshita et al. 2001) , and it is possible that rapid dynamic growth would be incompatible with protofilament-sidewall interactions. Recently, it has been proposed that the centriole assembly protein CPAP enforces slow, processive growth on microtubules (Sharma et al. 2016; Zheng et al. 2016) . CPAP interacts with the pinhead protein CEP135 (Lin et al. 2013a) , and thus the cartwheel may spatially constrain CPAP activity by localization. It is not clear whether CPAP acts on all three microtubules of the triplet, or whether other mechanisms are involved in restricting the growth of the B-and C-tubules.
Other, yet more speculative possibilities might also involve the cartwheel. For example, the cartwheel, or associated proteins, could provide a direct template for the triplet microtubules, controlling both their structure and their spatial distribution. Or it might stabilize triplet microtubules that form constantly in the cytoplasm, but disassemble before being observed without that stabilization. Finally, the localization of the cartwheel adjacent to the mother centriole during centriole duplication places it within the pericentriolar material of the centrosome, which might be a permissive environment for triplet microtubule assembly. The pericentriolar material has been proposed to act as a tubulin concentrator (Woodruff et al. 2017) , and high concentrations of tubulin are used to form microtubule hook structures in vitro (Euteneuer and McIntosh 1980; Heidemann and McIntosh 1980; McIntosh and Euteneuer 1984; Baas and Lin 2011) . We note that the pericentriolar material is unlikely to be instructive for triplet microtubule assembly: centrioles with triplet microtubules can form de novo without a mother centriole in many contexts. However, in cycling cells, de novo formation of centrioles often leads to centriole structural aberrations, including loss of whole triplets (Khodjakov et al. 2002; Wang et al. 2015) .
REGULATING THE MICROTUBULES: ELONGATION
The compound microtubules of the centriole are initiated in G 1 /S, soon after the initiation of the procentrioles, but they continue to elongate slowly until the completion of cell division. Given the slow rate of elongation, compared to the growth rate of standard microtubules, this suggests that centriolar triplet growth is regulated, perhaps coordinately with formation of other centriole structures. In human cells, the C-tubule is only a partial tubule near the end of the triplets (Paintrand et al. 1992) , and in many contexts, including human cells, the C-tubule terminates before the doublets end, forming a distal end extension consisting only of doublets. The doublets extend during ciliogenesis, forming the doublet axoneme of the cilium. It seems likely that there is a structural distinction between the centriole and axoneme, because the centriolar microtubules are stable over time spans as long as the life of the organism (Kochanski and Borisy 1990; Balestra et al. 2015) , whereas the axoneme is capable of disassembly and assembly within a single cell cycle (Sánchez and Dynlacht 2016) .
The picture of growth of the centriolar compound microtubules is a complex one, with several points of regulation likely required to limit growth of one or more tubules but also to relieve that limitation for axoneme formation. Several proteins have been implicated in control of centriole length, perhaps directly though controlling centriole microtubule growth. Overexpression or depletion of several proteins (CPAP, CEP120, or CEP295, CP110, OFD1, RTTN, POC5) results in centrioles with a variety of length defects (Azimzadeh et al. 2009; Kohlmaier et al. 2009; Schmidt et al. 2009; Tang et al. 2009; Singla et al. 2010; Comartin et al. 2013; Lin et al. 2013b; Chang et al. 2016; Chen et al. 2017 ).These proteins have been placed in a recruitment pathway (Chen et al. 2017) . Among these, CPAP, OFD1, CEP295, and CEP120 have been reported to directly interact with standard microtubules, and therefore might be candidates for direct action on centriolar compound microtubules (Hsu et al. 2008; Cormier et al. 2009; Singla et al. 2010; Lin et al. 2013b; Chang et al. 2016) . CPAP may be a particularly critical protein for the regulation of centriolar microtubules, with recent work showing that it acts both to promote and to limit microtubule growth during growth of the centriole (Sharma et al. 2016; Zheng et al. 2016) . Members of the kinesin-13 family-KIF24 in humans and Klp10A in flies-have also been shown to be involved in centriolar microtubule structure Delgehyr et al. 2012) . Kinesins of this family depolymerize microtubules, and such an activity might be important for limiting the extent of centriole microtubules relative to other centriole structures, or in enforcing equal length across all nine of the centriolar compound microtubules.
Finally, axoneme growth is restricted to mother centrioles that are primed to form a cilium (Fig. 1C) . Initiation of axonemal microtubule growth from the centriolar microtubules is a multistep process, initiated by vesicle docking and the recruitment of a kinase, TTBK2, to distal appendages (Sorokin 1962; Goetz et al. 2012; Schmidt et al. 2012; Joo et al. 2013; Sillibourne et al. 2013; Tanos et al. 2013; Čajánek and Nigg 2014; Kobayashi et al. 2014; Lu et al. 2015) . These processes result in the removal of CP110, which is thought to form a cap at the distal end of the centriole, limiting elongation of the microtubules (Kleylein-Sohn et al. 2007; Spektor et al. 2007; . CP110 interacts with other proteins that are important for its function, including KIF24 (Tsang et al. 2006 (Tsang et al. , 2008 (Tsang et al. , 2009 Spektor et al. 2007 ; Kobayashi et al. , 2014 Franz et al. 2013; Al-Jassar et al. 2017) .
FUNCTIONS OF COMPOUND MICROTUBULES
What properties do compound microtubules impart on the structures that have them? We propose several possibilities: centriole structure stabilization, recruitment of distinct proteins to these structures, elaboration of tracks for protein movement in the axoneme, and differentiation of the basal body from the axoneme.
First, it is possible that compound microtubules are intrinsically more stable than standard microtubules, and that the triplet centriolar microtubules are required for longterm stability of the centriole structure. Axonemal microtubules are relatively stable to depolymerization in vitro, but these have many associated proteins that might affect their stability, and remarkably little is known about the dynamic properties of unadorned doublet or triplet microtubules. In cells, mutations in δ-tubulin or ε-tubulin, which lack triplet microtubules, result in centriole instability in Chlamydomonas, Tetrahymena, and human cells (Goodenough and St Clair 1975; Ross et al. 2013; Wang et al. 2017) . In human cells lacking δ-tubulin or ε-tubulin, centrioles with singlet microtubules formed in S phase, and elongated in G 2 -M, forming centrioles of approximately normal length . However, these centrioles disintegrated during the transition from mitosis to interphase of the next cell cycle. Treating these cells with the microtubule-stabilizing drug paclitaxel suppressed centriole disintegration, suggesting that centriolar microtubules are essential to the integrity of the centriole. This is consistent with the previous work of Bobinnec et al. (1998) , indicating that the triplet microtubules are required for normal centriole stability. We note that Caenorhabditis elegans has singlet microtubule centrioles in most of its cells (Pelletier et al. 2006 ), yet has long-lived centrioles (Balestra et al. 2015) , challenging the idea that the triplet microtubules are universally required for centriole stability.
Second, it is possible that the compound microtubules are required to recruit proteins that help stabilize the centriole, or contribute to centriolar function. These might include many of the proteins and structures known to localize to centrioles, including the A-C linker that connects triplet microtubules to each other, the centriolar appendages, and the pericentriolar material. Each of these structures fail to form in centrioles with only singlet microtubules from δ-tubulin or ε-tubulin mutant cells . These mutants also failed to recruit POC5, a component of the distal extension, and Chlamydomonas ε-tubulin mutants failed to localize katanin (Esparza et al. 2013) . It is possible that these missing structures help stabilize the centriole, and such a role has been identified for the pericentriolar material (for review, see Werner et al. 2017) . Presumably, each of these structures involves a protein directly interacting with the compound microtubules. In the pericentriolar material, a protein that interacts with both polyglutamylated tubulin and pericentrin, ATF5, has been proposed to link it to the centriole (Madarampalli et al. 2015) . The mechanisms by which specificity for doublet or triplet microtubules is achieved are unknown.
Third, the centriole is the essential nucleator of the cilium and determinant of axoneme structure. Every organism that makes cilia has compound microtubules as part of the cilium, even C. elegans (Nechipurenko et al. 2017; Serwas et al. 2017) . Thus, compound microtubules are likely intrinsic to the function of the cilium. This is especially apparent in motile cilia, in which many proteins complexes associated with motility are attached to the doublet microtubules (Nicastro et al. 2011; Pigino et al. 2012) . In addition, the doublets of the axoneme in motile cilia have recently been shown to be double-track "railways" for movement of cargoes (Stepanek and Pigino 2016) , and kinesin-2 motors move differently upon standard microtubules and doublet microtubules from motile cilia (Stepp et al. 2017) . Axonemes have doublets, never triplets, and it is possible that the triplet microtubules of the centriole are required to distinguish the centriole from the cilium. The cilium assembles and disassembles each cell cycle, but the centriole is stable and is segregated in cell division. Thus, the triplet microtubules may serve as a point of recognition to limit depolymerization, allowing the axoneme to be dynamic and its nucleator stable.
CONCLUSION
Much work has been done on the architecture of the centriole, the basis for the ninefold symmetry of the structure, and the means by which it is duplicated each cell cycle. Less is understood about the compound microtubules found at the centriole, which are also defining properties of the organelle. Here we have considered possible mechanisms for the formation of compound microtubules, and for limiting such microtubule structures to centrioles and axonemes, as well as possible functions imparted by compound microtubules on the structures that have them. Much of this review is necessarily speculative, because, although there is much morphological information, there is little information bearing on mechanism. Future work will focus on the molecular basis for compound microtubule structure, function and regulation. This information will be critical to understanding the centrosome and cilium, key organelles with strong ties to human disease.
